Studies on plasma and cells exposed to hydroxyl and peroxyl radicals have indicated that there are few inhibitors of protein hydroperoxide formation. We have, however, observed a small variable lag period during bovine serum albumin (BSA) oxidation by 2-2¢ azo-bis-(2-methyl-propionamidine) HCl (AAPH) generated peroxyl radicals, where no protein hydroperoxide was formed. The addition of free cysteine to BSA during AAPH oxidation also produced a lag phase suggesting protein thiols could inhibit protein hydroperoxide formation. The selective reduction of thiols on BSA by bmercaptoethanol treatment caused the appearance of a lag period where no protein hydroperoxide was formed during the AAPH mediated oxidation. Increasing free thiol concentration on the BSA increased the lag period. Protein hydroperoxide formation began when the protein thiol concentration dropped below one thiol per BSA molecule. It is unlikely that the lag period is due to gross structural alteration of the reduced protein since blocking the free thiols with N-ethyl maleimide eliminated the lag in protein hydroperoxide formation. Protein thiols were found to be ineffective in inhibiting hydroxyl radical-mediated protein hydroperoxide formation during X-ray radiolysis. Evidence is given for protein thiol oxidation occurring via a free radical mediated chain reaction with both free cysteine and protein bound thiol. The data suggest that reduced protein thiol groups can inhibit protein hydroperoxide formation by scavenging peroxyl radicals.
INTRODUCTION
A significant consequence of free radical damage to proteins is the formation of protein hydroperoxides. [1] [2] [3] Proton abstraction by hydroxyl or peroxyl radicals on amino acid residue side chains produces a carbon centred radical, which rapidly reacts with oxygen and hydrogen ions to form a protein hydroperoxide. Though relatively stable, protein hydroperoxides react with DNA to form protein-DNA cross-links, 4 oxidise cellular thiols, 5 and consume the key cellular antioxidants ascorbate and glutathione. 3 As a reactive species, protein hydroperoxides are considered to be a major source of oxidative stress after exposure to free radical flux. 1 Hydroxyleucine and hydroxyvaline, the reduction products of the corresponding amino acid hydroperoxides, have been detected in atherosclerotic plaques, further linking their formation to oxidative stress related diseases. 6 Early studies on protein hydroperoxides were confined to relatively simple in vitro systems as protein hydroperoxides were considered too reactive to be detected in plasma or cellular systems. But recent studies on human plasma, mouse myeloma cells, and the monocyte-like cell line U937, have demonstrated the formation of relatively stable protein hydroperoxides, after exposure to either hydroxyl or peroxyl radicals. [7] [8] [9] Protein hydroperoxides were found to be remarkably stable in U937 cells, with only a 25% loss over the first 3 h following peroxyl radical exposure.
Despite the impressive array of antioxidant defence mechanisms found in cells and plasma, there appears to be little protection against protein hydroperoxide formation. Exposure of plasma and cells to radicals resulted in the immediate and linear formation of protein hydroperoxides, with no evidence of a lag phase where antioxidants might be protecting the proteins. [7] [8] [9] Enzyme peroxidases have also been shown to be ineffective in degrading protein hydroperoxides. 10 To date, only the macrophage synthesised antioxidant 7,8-dihydroneopterin has been shown to protect cells and proteins against radical mediated protein hydroperoxide formation.
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As a result, we were surprised when we observed the appearance of a small, but significant, lag phase in protein hydroperoxide formation during the oxidation of bovine serum albumin (BSA) by the peroxyl radical generator, 2,2¢-azo-bis-(2-methyl-propionamidine) HCl (AAPH). As this compound generates peroxyl radicals by thermodecomposition, initially we suspected the lag phase was caused by a delay in the warming of our reaction solutions. Further studies ruled out a temperature effect, but found the lag phase extremely variable and difficult to reproduce. These observations raised the possibility that the free cysteine thiol found within BSA could inhibit protein hydroperoxide formation.
Cysteine has previously been shown to be an effective scavenger of peroxyl radicals. 12, 13 EPR studies have suggested the presence of a free thiol in BSA can reduce Fe 2+ -EDTA/H 2 O 2 -generated hydroxyl radical-mediated protein damage by acting as a radical sink.
14 In this study, we have investigated the ability of protein thiols to inhibit the formation of protein hydroperoxide during peroxyl and hydroxyl mediated oxidation.
MATERIALS AND METHODS
All chemicals used were of AR grade or better and supplied by Sigma Chemical Company (USA) or BDH Laboratory Supplies (New Zealand). All experiments were conducted using bovine serum albumin (BSA; fatty acid free) supplied by Sigma. Solutions of BSA were prepared in phosphate buffered saline pH 7.4 (PBS) made using ultrafiltered de-ionised water prepared in a NANOpure water system from Barnstead/Thermolyne (Iowa, USA). PBS was stirred with Chelex-100 resin (previously washed in NANOpure water) supplied by BioRad (New Zealand) to remove contaminating heavy metal ions. 2,2¢-Azo-bis-(propionamidine) dihydrochloride (AAPH) was supplied by Aldrich Chemical Company Inc. AAPH solutions were prepared on ice and used within 2 h of preparation. Cysteine solutions were prepared fresh within an hour of use in Chelex-treated PBS, de-oxygenated with argon gas.
All oxidation experiments were conducted in Chelextreated PBS with 2 mg/ml BSA. AAPH was added to the BSA solution to give a final concentration of 10 mM and incubated at 37°C. X-ray radiolysis was performed at room temperature using a tungsten X-ray source operating at 40 kV with 30 mA delivering 7.3 Gy/min into the test solution of BSA in PBS. The radiolysis was stopped every 5 min and the solution stirred to re-oxygenate the solution. After radiolysis, hydrogen peroxide was removed by the addition of catalase (final concentration of 5 mg/ml).
Cysteine residues were reduced to free thiols by treatment of BSA (10 mg/ml) with b-mercaptoethanol (67 mM) for 90 min at 37°C. The reduced BSA was separated from the reductant by size exclusion chromatography using a desalting column (10´ 80 mm) of Bio-Gel P-6 DG (BioRad). The column was developed with PBS and monitored for protein elution by measuring the absorbance at 280 nm. The protein-containing fractions were demonstrated to be free of b-mercaptoethanol by taking 50 ml of the fractions and adding 100 ml of saturated NaHCO 3 solution and 50 ml of fresh 100 mM sodium nitroprusside. The presence of b-mercaptoethanol was revealed by an intense purple colour. Reduced BSA was stored under oxygen-free argon gas at 4°C for up to 4 days. The thiols were blocked by reacting a solution of 5 mg/ml b-mercaptoethanolreduced BSA in 1 mM N-ethyl maleimide (NEM) for 4 h at 25°C. Unreacted NEM was removed by size exclusion chromatography as previously described for the removal of
Protein hydroperoxide concentration was determined using a modified FOX assay. 9, 15, 16 AAPH was removed by precipitation of the BSA with trichloroacetic acid (TCA; 5% w/v final concentration). After centrifugation, the protein pellets were washed twice with 5% TCA, before suspension in 900 ml of 25 mM H 2 SO 4 . Aliquots (50 ml each) of 5 mM ferrous ammonium sulphate and xylenol orange in 25 mM H 2 SO 4 were added to the protein suspension. The mixture was incubated at room temperature for 30 min during which time ferrous ions were oxidised to ferric ions by the hydroperoxides. Ferric ions were detected by the formation of a coloured complex with xylenol orange and measured by absorbance at 560 nm, using water to zero the spectrophotometer. An extinction coefficient of 35,500 M -1 cm -1 was used to calculate the concentration of protein hydroperoxide. 15 The concentration of free thiol groups was determined by derivatisation with Ellman's reagent 5,5¢-dithiobis (2-nitrobenzoic acid; DTNB). 17 Briefly, 100 ml of 3 mM DTNB was added to 900 ml of protein sample and incubated on ice for 1 h before measuring the absorbance at 412 nm. AAPH above 5°C was observed to degrade the coloured CNTP anion generated during the derivatisation step. Extension of the incubation period to 1 h was found to compensate for the low temperature and pH (pH 7.4) of the incubation.
Results shown are from single experiments, representative of a minimum of three. The data points shown in the figures are the mean and SE of triplicate treatments. Statistical analysis of the data was performed using Statistica software package (StatSoft, Inc., USA). Levels of significance are indicated above data points in the figures where (*) indicates P < 0.05, (**) indicates P < 0.01, and (***) indicates P < 0.001.
RESULTS AND DISCUSSION
The amino acid cysteine was found to be an effective inhibitor of AAPH-mediated protein hydroperoxide formation on BSA (Fig. 1A) . Increasing concentrations of free cysteine caused an exponential decrease in protein hydroperoxide formation, with 100 mM cysteine reducing the protein hydroperoxide yield from 2.3 mM to 1 mM after 1 h of incubation. A kinetic analysis of the reaction showed that during cysteine oxidation, protein hydroperoxide formation was completely inhibited (Fig.  1B) . Once the cysteine concentration fell below 6 mM, protein hydroperoxide oxidation proceeded at a maximum rate of 5.6´ 10 -10 M/s. This was 46 times less than the maximum cysteine oxidation rate of 2.7´ 10 -8 M/s. Though free thiols are known to degrade protein hydroperoxides, 3, 10 these data appear to show the cysteine thiols out-competing the protein for the peroxyl radicals. The complete removal of the AAPH peroxyl radicals by the thiol inhibits the protein hydroperoxide formation.
While these data confirmed other studies showing peroxyl radical scavenging by cysteine, 13 the data did not prove that protein-bound thiols would have the same properties. Though BSA contains a free thiol residue, DTNB thiol analysis showed this residue was largely oxidised in the samples obtained from the supplier. We decided to generate protein thiols on BSA using the reducing agent b-mercaptoethanol. TCA precipitation of the reduced BSA followed by DTNB analysis showed that all the thiol groups were associated with the BSA protein. Oxidation of b-mercaptoethanol-treated BSA showed a clear, reproducible lag phase during which time no protein hydroperoxide formation was observed (Fig. 2) . No lag phase was observed with native BSA, but BSA containing one free thiol molecule gave a lag Kinetic analysis of the oxidation showed that during the lag phase the protein-thiols were rapidly oxidised, while the protein hydroperoxide formation was completely inhibited, (Fig. 3) . The overall protein-thiol oxidation rate was calculated at 2.1´ 10 -8 M/s (rate between 0-45 min). Once the BSA thiol level dropped to around 1 thiol/BSA molecule, protein hydroperoxide formation began with an overall rate of formation of 2.8´ 10 -10 M/s. The lack of protein hydroperoxide formation during the thiol oxidation also showed that the thiyl radical (RS ) lacks the reactivity to abstract a proton from the amino acid residue side chains to cause protein hydroperoxide formation. This is in contrast to other studies which have shown thiyl radicals formed on penicillamine inactivating a 1 -antiproteinase. 18 Though our data strongly suggested that free thiols within BSA could act as an antioxidant, it did not rule out the possibility that the observed lag period was due to structural alteration of the protein during the reduction process. Blocking the free thiols in reduced BSA with Nethyl-maleimide abolished the lag period during AAPH oxidation, confirming the role of thiol groups in the inhibition of the protein hydroperoxide formation (Fig. 4) . There was also no significant difference in the rate of protein hydroperoxide formation between the native BSA and the NEM-blocked thiol-reduced BSA. This suggests that changes to a protein's tertiary structure have a minimal influence on protein hydroperoxide formation. This was unexpected, as we had thought disruption of the protein's tertiary structure would enhance the protein hydroperoxide formation rate, by exposing the more hydrophobic amino acids to aqueous peroxyl radicals. Valine, leucine and isoleucine readily form hydroperoxides after free radical attack. Based on the published k d value for AAPH of 1.641 0 -7 M/s, 19 the rate of peroxyl radical formation can be calculated to be 3.28´ 10 -9 M/s (rate = 2´ k d´ [AAPH] ). This means that for every peroxyl radical formed, 8.2 cysteine molecules, or 6.5 protein thiols were oxidised. This suggests that with AAPH peroxyl radicals, both the free cysteine and the reduced BSA thiol are being oxidised via a chain reaction mechanism. Radical scavenging by cysteine has previously been reported to cause a thiol-mediated chain reaction. 12, 13 Studies on cysteine protection of lysozyme activity from AAPH-mediated inactivation calculated a chain length for cysteine oxidation of eight, 13 while an earlier study using just AAPH and cysteine calculated a chain length of between 4-5. 12 The hypothesised reaction involves peroxyl scavenging by cysteine to form the thiyl radical (RS ) which will react with oxygen to give the sulphonyl radical (RSO 2 ). The sulphonyl radicals could react with further cysteine thiol to generate sulphonic acid and more thiyl radical. 12, 13 It is intriguing that we have observed the same type of reaction occurring with the protein-bound thiols. Even though the thiol is fixed to a large protein chain, the resulting thiyl radicals can still interact to form a chain reaction. This means thiols on different protein molecules are still able to interact with each other. The differences between the two types of thiol oxidation are the shorter chain length with the BSA-thiol, and the exponential decrease in the rate of free cysteine oxidation (Fig. 1B) while the protein bound thiols appear to oxidise at a near linear rate (Fig. 3) . These differences may be due to the restricted physical environment of the protein thiols altering the reaction kinetics. There is also the possibility of radical transfer reactions occurring, where radicals formed on non-thiol amino acid residues are transferred to the cysteine to form thiyl radical which could oxidise further protein thiol. 14 Ionising radiation has been used in numerous studies to investigate protein hydroperoxide formation, but none have reported a lag phase. 2, 3, 8 The addition of the 90 mM cysteine to the BSA solution (3 cysteines/BSA) reduced the rate of protein hydroperoxide formation by 50%, from 9.75´ 10 -9 M/s to 5´ 10 -9 M/s (results not shown.). With reduced BSA containing 3.5 thiols/molecule, no lag phase was observed (Fig. 5) , but a higher protein hydroperoxide formation rate of 1.3´ 10 -8 M/s was measured. EPR studies have demonstrated radicals formed on sulphur-centred radicals transferring to carbon-centred peroxyl-like radicals. 20 Our study does not provide enough data to show whether this is occurring to give the higher protein hydroperoxide generation rate or even whether the increase in rate is significant.
At a dose rate of 7.3 Gy/min under aerobic conditions, the hydroxyl radical formation rate is 3.4´ 10 -8 M/s (assuming a G value of 2.7 for hydroxyl radical generation). 21 This means that, in the presence of protein thiols, 38 protein hydroperoxides were formed per 100 hydroxyl radicals formed. This is in comparison to the 8.5 protein hydroperoxides generated per 100 peroxyl radicals (Fig. 3) . This gives some indication of the increased reactivity of the hydroxyl radical compared to the peroxyl radical. The increased reactivity and more random nature of the hydroxyl radical attack on the protein may provide some explanation for the lack of protein thiol-generated lag time.
Besides the increased reactivity of the hydroxyl radical, the other key difference between the two oxidation systems examined is the generation of superoxide and hydrogen peroxide during radiolysis. Neither of these reactive oxygen species can generate protein hydroperoxides, 3 but will oxidise free thiols, thus reducing the effective scavenging action of the thiols. The proteinthiol oxidation rate was 3´ 10 -8 M/s, so taking into account the protein hydroperoxide generation rate of 1. thiols/BSA (i.e. 7.5% thiol loss, data not shown). With the smaller glutathione molecule, protein hydroperoxides reportedly caused a 30% increase in thiol oxidation rates. 3 This strongly suggests that BSA thiols cannot degrade protein hydroperoxides due to steric hindrance. A similar difference in reactivity towards protein hydroperoxides has also been reported between cysteine and glutathione. 10 Thiol oxidation in protein is usually associated with the loss of enzymatic function. [22] [23] [24] Only the low molecular weight thiols such as glutathione appear to have a specific antioxidant function. We are unaware of any reports of free thiols on proteins acting as antioxidants to inhibit free radical damage to other amino acid residues within a protein.
CONCLUSIONS
The data show that the presence of at least one thiol group per BSA affords complete protection to the protein molecule from AAPH-generated peroxyl radicalmediated protein hydroperoxide formation. The length of the lag period was proportional to the number of protein thiols. Intriguingly, the kinetics of the thiol oxidation suggests that free cysteine thiols and BSA thiols oxidise via a thiol-mediated chain reaction mechanism during peroxyl radical scavenging. This study also suggests that changes in protein tertiary structure as a result of partial thiol reduction is insufficient to cause a change in the rate of protein hydroperoxide formation. Protein thiols are unable to scavenge completely the more reactive hydroxyl radical, so no lag period is observed with thiol-containing BSA during aerobic radiolysis. The importance of this mechanism in vivo is undetermined.
